ABSTRACT The efficacy of platelet adhesion in shear flow is known to be substantially modulated by the physical presence of red blood cells (RBCs). The mechanisms of this regulation remain obscure due to the complicated character of platelet interactions with RBCs and vascular walls. To investigate this problem, we have created a mathematical model that takes into account shear-induced transport of platelets across the flow, platelet expulsion by the RBCs from the near-wall layer of the flow onto the wall, and reversible capture of platelets by the wall and their firm adhesion to it. This model analysis allowed us to obtain, for the first time to our knowledge, an analytical determination of the platelet adhesion rate constant as a function of the wall shear rate, hematocrit, and average sizes of platelets and RBCs. This formula provided a quantitative description of the results of previous in vitro adhesion experiments in perfusion chambers. The results of the simulations suggest that under a wide range of shear rates and hematocrit values, the rate of platelet adhesion from the blood flow is mainly limited by the frequency of their near-wall rebounding collisions with RBCs. This finding reveals the mechanism by which erythrocytes physically control platelet hemostasis.
INTRODUCTION
Platelets are the principal components of the hemostatic plug formed to arrest bleeding after an injury to the vascular wall. Their adhesion to the site of damage and to the previously adsorbed platelets is a critical stage in the formation of both hemostatic plugs and pathological thrombi (1, 2) . Experiments have shown that the wall shear rate and hematocrit are two major independent parameters of blood flow that determine the rate of platelet adhesion to various surfaces (3) (4) (5) (6) (7) (8) (9) (10) (11) . The mechanisms of this regulation are unclear due to complicated and poorly understood processes occurring in and around platelets during adhesion. In this work, a theoretical approach is used to bridge this gap; thus, it was necessary to update the existing models of platelet adhesion.
The delivery of platelets to the vascular wall is a process that combines their axial convection by the blood flow and shear-induced lateral diffusion resulting from continuous collisions between red blood cells (RBCs) (12) (13) (14) . In addition to causing this lateral diffusion in bulk flow, the presence of RBCs greatly increases the probability that a platelet flowing near the wall will collide with it (14) (15) (16) . Subsequent adhesion of platelets to an active, i.e., von Willebrand factor (vWf)-bearing, surface is a complicated multistage process closely resembling leukocyte adhesion. A platelet captured from the flow slowly moves along the wall, undergoes activation, and either firmly adheres to the surface or becomes detached from it if firm adhesion contact did not form (1, (17) (18) (19) . The large number of factors that collectively influence platelet transport and adhesion account for the variety of mathematical models that have been proposed in this field (8, 10, 12, 13, (20) (21) (22) (23) (24) .
All of these models describe platelet adhesion using a direct analogy to that of molecules transported across the flow by Brownian diffusion and undergoing one-step irreversible adhesion. This analogy is an oversimplification that has frequently been the object of criticism (11, (25) (26) (27) because it is in conflict with a wealth of data suggesting the following: 1), a strong dependence of the adhesion rate constant on the hematocrit level and shear rate (11, 28, 29) ; 2), systematic differences between platelet shear diffusion constants determined from adhesion experiments and those from adhesion-independent methods (25) ; and 3), the detachment of the majority of captured platelets by the flow (1) . Therefore, this approach cannot be used to study the regulation of platelet adhesion and needs to be modified.
In this study, platelet adhesion is viewed as a multistage process beginning with inelastic collision of a near-wall platelet with an RBC followed by platelet reversible capture and arrest. Platelet flux toward the wall and the effective adhesion rate constant are calculated for the first time, to our knowledge. The proposed model agrees fairly well with experimental dependences of platelet adhesion rate on axial coordinate, wall shear rate, hematocrit level, and size of erythrocytes that were obtained in earlier in vitro studies. Comparison between predictions of the full model and of the reduced one, which takes into account only near-wall collisions of platelets with erythrocytes, shows that these collisions control platelet adhesion under a wide range of parameters.
Description of the processes

Conditions of platelet adhesion
We have modeled a blood flow carrying erythrocytes and platelets over an active, i.e., platelet-capturing surface. This model corresponds to the well-known and convenient perfusion chamber experimental model that has been extensively used to study platelet adhesion in vitro (3, 4, (8) (9) (10) (11) 30, 31) . In these experiments, whole or reconstituted blood is pumped over a physiologically appropriate activator (exposed subendothelium of an everted vascular segment or a collagen-coated substrate) under controlled conditions, and mean surface density of adsorbed platelets is measured as a function of time.
The result is used to calculate the initial adhesion rate and its dependence on the wall shear rate, hematocrit level, and axial coordinate. These dependences characterize the overall effects of platelet delivery and surface binding. The use of collagen, a strong platelet activator, and aspirin, a cyclooxygenase inhibitor, permits the experimenters to exclude, or at least significantly diminish, the influence of platelet-derived activators, ADP and TxA 2 , and thrombin production is suppressed by citrate. As a result, the platelets are activated by collagen alone, and adhere to it by forming a monolayer.
Stages of platelet adhesion
To our knowledge, what distinguishes our study from all previous continuous models of platelet adhesion is the consideration of this process as a multistage one constituted by the after successive events (Fig. 1 A) :
I. Transport within the flow: Convective transport of platelets in the direction of the blood flow with their simultaneous crosswise dispersive motion. II. Near-wall and wall processes: a. Collision of a platelet traveling in the immediate vicinity of the wall with an erythrocyte or other blood cell resulting in platelet collision with the wall; b. Capture of the platelet at the wall surface; c. Deceleration of the captured platelet relative to the flow as it moves along the surface; and d. Detachment of the captured platelet by the flow or its stable arrest at the surface.
These stages are distinguished based on the results of experimental studies of platelet behavior in the flow and during adhesion. The lateral motion of platelets in the presence of erythrocytes has been thoroughly examined experimentally by Goldsmith and co-worker (14) (15) (16) , who demonstrated that the physical presence of erythrocytes promotes transverse migration of platelets (Stage I) and increases the frequency of their collisions with the wall (Stage IIa) by several orders of magnitude. Recent studies have shown that a platelet coming in contact with a vWf-bearing wall does not immediately adhere to it but first tethers via the GPIba-vWf bonds (Stage IIb), slows down (Stage IIc), and only then firmly adheres through integrin bonds or is detached by the flow (Stage IId) (1, (17) (18) (19) . To our knowledge, these mechanisms have never been considered in the framework of an integrated mathematical model.
Mathematical model
Equations of the model
Blood was assumed to flow from left to right in the x direction between two parallel planes with a constant parabolic velocity profile:
This profile corresponds to the linear shear rate distribution:
Here, _ g w defines the wall shear rate, and 2H is the channel width (0 % y % 2H). Platelet transport in the flow was described by the convection-diffusion equation (13, 22) 
where P (platelets/mm 3 ) is the platelet concentration and N ¼ ÀDVP is the diffusion flux. The platelet diffusion (dispersion) coefficient was taken to be equal to the sum (P, free platelets transported with the flow far from the wall; P w , the same platelets near the wall; R, captured platelets rolling or sliding along the wall and slowed by it; and M, firmly bound platelets.)
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Here, d RBC and d P are the main erythrocyte and platelet diameters, respectively, F RBC and V P P are the erythrocyte and platelet volume fractions, respectively, V P is the platelet volume, and k ZC ¼ 0. 
where the right-hand side is the platelet adhesion rate. Boundary conditions at the upper (y ¼ 2H) and outflow (x ¼ L) boundaries had the form N ¼ 0. The initial and entrance conditions corresponded to the uniform distribution of platelets across the flow
where P 0 is the average platelet concentration. The platelet adhesion rate was calculated based on the kinetic scheme presented in Fig. 1 B, which corresponds to the succession of adhesion stages shown in Fig. 1 A. Accordingly, the overall adhesion rate was determined by the rate of the last stage of the process
where R(x) is the surface concentration of captured platelets, and k bind is the binding rate constant, which equals the inverse activation time (T a ) of GPIIb-IIIa integrins of the captured platelet. R obeys the reaction-convection equation written down at the active boundary (y ¼ 0),
where w is the translational velocity of a decelerating platelet, J(x) is the platelet flux toward the wall, Q(x) is the surface availability function, a is the capture efficiency (the probability that a platelet that has collided with fully available wall will be captured by it), and k det is the detachment rate constant of the captured platelet. The experimental value of w is a few mm/s (34-36); therefore, the platelet's deceleration distance was neglected because it is too small in comparison with the length of the adhesion surface. The characteristic time of platelet activation T a1 -3 s (37-39)is sufficiently smaller than the duration of experiment (1-5 min), which permits us to assume the quasistationarity of R that gives
Platelet flux toward the wall was computed from the frequency of their near-wall inelastic collisions with erythrocytes and other platelets based on Smoluchowski's theory (see the Supporting Material),
where
Here,
(note that l 1 ¼d P /d RBC ) (see Eq. S14 in the Supporting Material) are hydrodynamic collision efficiencies (data for spherical platelets and their aggregates in a simple shear flow (40) were used in the absence of those for platelets and erythrocytes of real flattened shape near the wall), and
are coefficients of Smoluchowski's theory corrected by factors k 1 and k 2 , which account for nonspherical particle shape and the wall proximity ignored in calculations of collision frequency and collision efficiency. Capture efficiency a was assumed to be independent of _ g w in accord with experimental findings that binding efficiency for two colliding platelets (which bind via a GPIba-vWfGPIba bridge) suddenly increases only at pathological shear rates above 5000 s À1 (41, 42) . The binding rate constant k bind was assumed to decrease with increasing _ g w because even slow motion of a platelet hinders its firm binding. The linear dependence was assumed for simplicity to be
where k 0 bind and b are constants. The detachment rate constant k det was assumed to be proportional to the wall shear rate because the probability of platelet detachment by the flow is proportional to the wall shear stress (43, 44) :
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The resulting expression for the platelet adhesion rate from Eq. 7 takes the form
with the effective rate constant
The surface availability was calculated as (13,22)
is the platelet monolayer density at 100% surface coverage. To obtain the percent surface coverage, computed values of M were normalized by M N /100% and, except in the case when the dependence M(x) was of special interest, averaged over the entire active boundary. A zero initial condition for M(x) was employed.
Reduced adhesion model
The above full model was partly reduced to study the regulation of platelet adhesion rate by collisions of platelets with erythrocytes. The reduced model disregarded 1. Changes in platelet concentration in the flow related to adhesion; 2. Saturation of the surface with adhered platelets; and 3. Platelet flux toward the wall resulting from their collisions with one another.
To this effect, it was assumed that P ¼ P 0 and Q ¼ 1 in Eq. 14, and the second term in Eq. 11 was omitted. The simplified analytical formulas for the adhesion rate and value had the form
In all calculations, parameter values in the full and reduced models were identical.
Fixed model parameters
Model parameters that matched platelet and erythrocyte size and calculated collision efficiencies are listed in Table S1 and Table S2 in the Supporting Material. In the description of experiments on platelet adhesion from rabbit blood (8-10), P 0 and F RBC were assumed to be 3.74 Â 10 À4 platelets/mm 3 and 0.38, respectively, and P 0 was 5.96 Â 10
À4
platelets/mm 3 in platelet-rich plasma (PRP) (9) . In experiments on human platelet adhesion from reconstituted blood (3), PRP containing P B ¼ 1.9 Â 10 À4 platelets/mm 3 was mixed with washed RBCs to achieve the desired hematocrit; thus, P 0 was assumed to be equal to (1 -F RBC ) Â P B in the corresponding calculations. The lengths of adhesion surfaces was 0.7 and 2 cm in Turitto and Baumgartner (8) (4)). Thus, the length of the computational domain was L ¼ 2 Â 10 4 mm; its width was 2H ¼ 1200 mm, matching the gap in the perfusion chamber.
Estimation of free model parameters
Three kinetic parameters, a, k a , and x, as well as the particle shape correction factors k 1 and k 2 , were unknown. To estimate k a and x from the shear rate-dependence of the adhesion rate, Eq. 17 combined with Eq. 19 and Eq. S14 in the Supporting Material was expressed in the form
The factor
,60 converts the adhesion rate to % monolayer/min. The constants A, k a , and x varied independently to achieve good agreement with the experimental shear ratedependence of the adhesion rate (see later in Fig. 3, A and  B) . To estimate the ratio k 1 :k 2 , Eqs. 18 and 19 were rewritten as
The platelet adhesion data plotted as a left-hand side of this equation versus d RBC were found to lie approximately on one line passing through the origin (see Fig. 4 A) , indicating the near-zero value of k 1 . It denotes the minor role of platelet
Biophysical Journal 100(4) 799-808 size in the near-wall collisions with erythrocytes. Thus, k 1 was set to 0, whereas k 2 was set to 1. The a-values in these two cases were roughly estimated as A divided by the bracketed expression in Eq. 21 and as a cube of the slope of a fitted line (Eq. 22), respectively. Finally, the a-values were slightly varied to achieve a reasonable agreement of the adhesion rates calculated by the full model with the experimental data in the entire range of _ g w (see Fig. 3 A) , F RBC, and d RBC (see Fig. 4 B) .
Numerical methods
Equations 3, 5, and 14 were solved numerically with the COMSOL 3.2a software package using the finite element method with second-order Lagrangian elements. Unstructured triangular mesh was refined close to the boundary y ¼ 0: the maximum element size in the x direction over the entire computational domain was 1400 mm compared with 10 mm at the boundary y ¼ 0 and 0.5 mm at the point (0,0). The characteristic y size of mesh elements was 10 times smaller than the x size because the mean platelet concentration gradient perpendicular to the flow (in the y direction) was significantly greater than the gradient parallel to the flow (in the x direction). Mesh independence was achieved.
RESULTS
Platelet adhesion in the full and reduced models
To form a clear picture of platelet adhesion to an active surface, Fig. 2 shows the results of one typical simulation of this process. The free model parameters used were identical to those estimated in the following sections from the description of platelet adhesion at varying shear rates, erythrocyte sizes, and volume fractions. Fig. 2 A shows isolines of platelet concentration P(x,y) in the near-wall region of the flow (y ¼ 0.60 mm) calculated by the full model at time t ¼ 3 min. Evidently, the region of reduced platelet concentration develops along an active surface. Fig. 2 B shows the surface density of the adhered platelets M(x) at the same time point calculated by the full model (solid line), reduced model (dashed line), and determined experimentally (8) (markers). It was observed that surface coverage, both experimental and estimated from the full model, decreases insignificantly along the x axis. Thick lines in Fig. 2 C show the kinetics of M predicted by the full (solid line) and reduced (dashed line) models. These models predict similar initial adhesion rates. As in the reduced model, the initial growth of M in the full model is virtually linear. Then, its rate gradually decreases while surface coverage approaches 100%. Obviously, this decrease in the adhesion rate is due to a vanishing Q, but not due to the removal of platelets from the near-wall region because this is insignificant and is rapidly compensated for by delivery of new platelets from the bulk flow (thin line).
The focus of this study is the regulation of platelet delivery to the place of adhesion (damaged vessel wall and primary clot), and a saturation effect is a specific feature of the experiments with inhibited platelet activation and aggregation (see Description of the Processes, above). Thus, further analysis is limited to the initial times of platelet adhesion.
The shear-rate dependence of platelet adhesion results from the collision mechanism of platelet delivery
The fact that both the wall shear rate and the physical presence of erythrocytes markedly enhance platelet adhesion has been well established, but the ruling mechanism underlying it was unknown. To test the hypothesis that this mechanism consists of erythrocytes pushing platelets from the near-wall layer to the wall, predictions of the reduced and full models were compared with data on platelet deposition from whole rabbit blood onto the subendothelium of a rabbit aorta determined at varying _ g w (8,10). Dashed and solid lines in Fig. 3 A show the initial adhesion rates calculated from these models at a ¼ 0.12, k a ¼ 1000 s À1 , and x ¼ 0.02 (k 1 and k 2 were set to 0 and 1 in accord with the d RBC -dependence of platelet adhesion described in the next section).
At all shear rates studied, both models were in general agreement with the experimental data (open markers). The difference between the two theoretical curves was insignificant and comparable with the experimental error, indicating the minor effect of the factors disregarded during model reduction. Exploration of the effect of changes in k a and x-values on the adhesion rate calculated by the reduced model is shown in Fig. 3 B. An increase in k a led to an increase of the maximal adhesion rate, whereas an increase in x reduced adhesion at high but not at low shear rates. An increase of the A value, and thus the a-value, shifted the whole curve upwards (not shown). This exploration demonstrates the unambiguous determination of free model parameters by fitting the experimental data with the reduced model.
To investigate in detail the effect of the assumption of quasistationarity of R, calculations by the extended model that disregarded this assumption were performed. To this effect, Eq. 14 was substituted for Eqs. 7 and 8, right-hand side of Eq. 5 was substituted by aJQ À k det R, and M in Eq. 16 was replaced by M þ R. All parameters remained unaltered, and the values of k 0 bind , d, and b were chosen such as to satisfy the ratios
Because the time of platelet activation is small and equals one to few seconds, the fast (k 0 bind ¼ 1 s À1 ) and very slow (k 0 bind ¼ 0.01 s À1 ) regimes were simulated. The solid markers in Fig. 3 A show the rate of M þ R accumulation obtained in these two regimes. Evidently, the deviation from the model that assumed the quasistationarity of R (solid line) was insignificant supporting the validity of this assumption.
Thus, the shear rate-dependence of the adhesion rate obtained in the models and the experiment is completely governed by the shear-rate dependence of the effective rate constant k eff . Below, we show that this result remains valid for the dependence of the adhesion rate on hematocrit and erythrocyte size.
The size and concentration of erythrocytes determine platelet adhesion rate
To further test the hypothesis that collision with RBC is the governing mechanism of platelet delivery to an active surface, values of human platelet adhesion to human artery subendothelium in the presence of human, rabbit, and goat erythrocytes (3) were plotted as a function of erythrocyte major diameter according to Eq. 22 (Fig. 4 A, markers) . All of these values were found to lie approximately on one line. Because this line tended to pass through the origin, k 1 and k 2 were set to 0 and 1, respectively. The dashed line in Fig. 4 A was plotted as a right-hand-side of Eq. 22 with a 1/3 ¼ 0.28. The same adhesion data in coordinates of platelet adhesion-erythrocyte volume fraction are presented in Fig. 4 B (markers) along with calculations performed by the reduced (dashed lines) and full (solid lines) models. The k a and xvalues were assumed to be 1000 s À1 and 0.02, respectively, in accordance with those determined in the preceding section.
In general, the predictions of both models were consistent with the experimental findings, and the differences between the two models were within the experimental error. Nevertheless, the calculated and experimental values disagreed in the boundary cases, such as zero hematocrit and high concentration of large erythrocytes. As discussed below, this discrepancy might arise from both experimental artifacts and imperfections in the theory.
DISCUSSION
The main result of this study is the theoretical substantiation of the hypothesis that platelet adhesion from the blood flow is limited by their near-wall inelastic collisions with erythrocytes ( Fig. 1 A) . This statement was confirmed by the fact that the reduced model gives adhesion rates very similar to the full one and reproduces fairly well all parametric dependences ensuing from the full model and the experimental data. Computation of the platelet flux toward the wall using the reduced model accounts only for collisions of near-wall platelets with erythrocytes. The limiting role of these collisions was suggested by the experimental data, but this is the first time, to our knowledge, that they were taken into account in a quantitative theory. Indeed, it has been shown that elevated hematocrit caused a significant rise in the platelet adhesion rate (3-5,7,9,11), which occurred due to the physical presence of erythrocytes themselves rather than by platelet activation under the effect of ADP contained in erythrocytes (9) . This finding provided a basis for the postulation of an additional RBC-dependent mechanism influencing platelet binding to the surface (11) . However, its nature has never been exactly specified. We speculated that this mechanism may consist of pushing the platelet against the wall as a result of its inelastic rebounding collision with an outrunning erythrocyte or other blood cell.
This suggestion logically ensues from the available theoretical and experimental data. Direct observations of platelet motion in a suspension of erythrocyte ghosts showed that, in their presence, platelets contacted the wall much more frequently than in erythrocyte-free plasma (15, 16, 33) . In the absence of erythrocytes, the probability of a single platelet that is traveling close to the wall will collide with it is very low for two reasons.
First, the platelet can only very gradually leave its flow tube because its inertia and Brownian diffusion are small: at
the Reynolds and Peclet numbers of a platelet are approximately
and
where the plasma density and viscosity were assumed to be r ¼ 1 g/sm 3 and m ¼ 1 sP, respectively. Second, the hydrodynamic inertial force that acts on a near-wall particle at such Re p is directed from the wall toward the midflow and thereby hinders their rapprochement (45) . A recent experimental and theoretical study has demonstrated that a platelet must be forced into the wall to initiate its capture by an active (vWf-coated) surface (46) . Therefore, the physical presence of erythrocytes is qualitatively necessary to ensure normal adhesion of platelets. However, the problem of quantitatively considering the effects of erythrocytes has thus far remained unresolved.
Therefore, an additional contribution of this work is a method for quantitative calculation of platelet flux toward the wall and the resulting adhesion rate. For the first time to our knowledge, the theoretical calculation of these quantities was performed resulting in a precise description of earlier experimentally determined dependences of platelet adhesion rate on the wall shear rate, hematocrit level, and erythrocyte size, i.e., on all the parameters influencing the frequency of cell-cell collisions in the shear flow (Figs. 3  A and 4 B) . All of these dependences can be described fairly well using a single expression for the effective adhesion rate constant (Eq. 19).
In earlier studies, the value of this constant was estimated by fitting the adhesion rate values measured under varied conditions with the solution of the equations of a simpler mathematical model. In that model, platelet adhesion was assumed to occur in one step and to be irreversible. This approach necessitated the assumption of both an increase (29) and a decrease (11, 28) of k eff with increasing wall shear rate and suggested that diffusional control of adhesion at low-to-moderate shear rates passed to kinetic control at higher shear rates (8, 10, 11) . The values of k eff determined Biophysical Journal 100(4) 799-808 in the kinetic regime (implying finiteness of k eff ) at normal hematocrit and _ g w ¼ 50-10,000 s À1 were in the range from 0.4 to 7.2 mm/s (7, 11, 13, 20, 28) . These findings agree with calculations using Eq. 19, which gave the values of 0.6-3.3 mm/s for rabbit blood cells at a ¼ 0.12, k a ¼ 1000 s À1 , x ¼ 0.02, k 1 ¼ 0, and k 2 ¼ 1 within the same range of _ g w . The comparison of the determined a-, k a -, and x-values with literature data is of special interest. Huang and Hellums (42) obtained the overall binding efficiency for two colliding human platelets at shear rates ranging from 3600 to 7650 s À1 . They found this binding efficiency to be ð0:76 O 1:7Þ Â 10 À3 at _ g w below 5000 s À1 ; and at higher shear, it suddenly increased. The capture efficiency a can be extracted from their data by dividing the overall binding efficiency by the hydrodynamic collision efficiency 3 h calculated from Eq. S14 in the Supporting Material for l ¼ 1. At shear rates 3600-5000 s À1 , 3 h (l ¼ 1) z 0.15, resulting in an a-value of~0.005-0.01. This value is in reasonable agreement with the value of 0.022 estimated in this study for human platelets. For a more detailed comparison, the hydrodynamic collision efficiency should be measured or calculated by accounting for both the nonspherical platelet shape and the wall proximity. The sudden increase in capture efficiency for colliding platelets at high shear rates (42) correlates well with the sudden onset of thrombi formation on subendothelium (in addition to platelet adhesion) at shear rates above 1000 s À1 (10) . The description of these events was out of the scope of this study.
Other available reports directly concerning the probability of platelet capture (47, 48) are related to firm adhesion of activated platelets via integrin-fibrinogen bridges, and their results cannot be compared with the a-values determined here.
The value of k a ¼ 1000 s À1 is consistent with data obtained in Kulkarni et al. (1) . In that work, the probability of firm adhesion of a platelet captured to the vWf expressed on the immobilized platelets decreases from 70% to 30% as the wall shear rate increases from 150 to 1800 s À1 . The calculation of this probability by the formula
gives 87% and 35% for the same shear rate values. This result suggests a good agreement between theoretical and experimental findings. The cause of the discrepancies between predicted and observed values of human platelet adhesion in the case of zero hematocrit and high concentrations of large erythrocytes (Fig. 4 B) remains unclear. The point F RBC ¼ 0 appears to lie much higher than the extrapolations of all the three experimental curves from the nonzero hematocrit region.
According to these data, 40% hematocrit caused only a 5.8-(human RBCs) or 3.2-fold (rabbit RBCs) increase in platelet adhesion compared to PRP. Under similar conditions, but using whole rabbit blood, the effect of erythrocytes on platelet adhesion was investigated in Turitto and Baumgartner (9) . At the wall shear rate of 840 s À1 and hematocrit 38%, erythrocytes were shown to increase the platelet adhesion rate by a factor of 57 compared with PRP. Calculations using the full model gave a 164-fold increase, suggesting some underestimation of the plateletplatelet collision frequency or efficiency. It is possible that this was caused by using k 1 ¼ 0 in the absence of its exact estimation (Fig. 4 A) . However, at k 1 ¼ 0.5, this increase becomes 76-fold, in better agreement with Turitto and Baumgartner (9) .
The predicted decrease of the adhesion rate and that apparent in the lower and middle experimental curves at a hematocrit level over 40% (Fig. 4 B) are attributable to the method of perfusate preparation in Aarts et al. (3) that consisted of mixing PRP containing a constant concentration of platelets with an erythrocyte suspension to achieve the desirable hematocrit. Using this method, platelet concentration in the perfusate linearly decreased with increasing hematocrit (see Fixed Model Parameters, above). Together with the linear proportionality between k eff and F RBC (Eqs. 11, 15, and 19), the resulting dependence of the initial adhesion rate on hematocrit is expected to be in the form of F RBC Â (1-F RBC ). The maximum of this function occurs at F RBC ¼ 0.5, which is shown by the curves in Fig. 4 B, excluding the upper experimental one.
The linear dependence on hematocrit depicted by this curve might be a manifestation of non-Newtonian properties intrinsic in both blood and dense RBC suspensions, such as flattening of the velocity profile and off-wall lateral migration of RBCs. They account for the hematocrit-dependent increase of the wall shear rate in narrow tubes compared with that calculated for the Poiseuille flow (33, 49) and for the enrichment of the near-wall layer with platelets (50, 51) , respectively. In principle, these effects could explain the rise in platelet adhesion for the case of human erythrocytes at 50-60% hematocrit. However, it is unlikely that both effects could be realized in the experiments in which the above results were obtained because the effective thickness of the gap was 1200 mm. Therefore, there is no convincing explanation for this phenomenon thus far.
CONCLUSIONS
This theoretical study provides qualitative and quantitative evidence that the platelet adhesion rate from the blood flow is controlled by the frequency of their rebounding collisions with erythrocytes in the immediate vicinity of the wall. This finding is of importance for the understanding of biophysical mechanisms governing hemostasis and thrombosis; also, it provides an impetus for the further Biophysical Journal 100(4) 799-808 development of basic research in this field. Evidently, the role of erythrocytes should be taken into account in any theoretical consideration of mechanisms underlying the regulation of platelet behavior in the blood flow.
Recent work (52) (53) (54) has been devoted to the mechanical effects of erythrocytes on platelet transport within the flow, but these studies disregarded platelet adhesion. However, considerable progress has been achieved in simulation of leukocyte-wall interactions (55) (56) (57) ; it has lately been extended to platelets (58) . The combination of these strategies is highly promising and may help validate the constants determined in this study. Alternatively, the application of a reduced model that is much simpler than the full one but yields similar results may substantially facilitate the construction of large-scale mathematical models of thrombosis. It is especially of great importance when the thrombus forms in a small region of a complex vascular network, and the main computational resources are used for solving the equation governing hydrodynamics of blood flow (59) .
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